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Abstract
Measurements of atmospheric neutrinos by Super{Kamiokande an other detec-
tors have given evidence for the existence of neutrino oscillations with large mixing
and m
2






. In this work we discuss critically some of
the possible experimental strategies to conrm this result and determine more accu-
rately the neutrino oscillation parameters. A possible method is the development of
long{baseline accelerator neutrino beams. The accelerator beams can have higher





lations are indeed the cause of the atmospheric neutrino anomaly, they can produce
a measurable rate of  leptons for most (but not all) of the values of the oscilla-
tion parameters that are a solution to the atmospheric data. On the other hand
measurements of atmospheric neutrinos with large statistics and/or better experi-
mental resolutions, can also provide convincing evidence for oscillations, thanks to
unambiguous detectable eects on the energy, zenith angle and L=E

distributions
of the events. The study of these eects can provide a precise determination of
the oscillations parameters. The range of L=E

available for atmospheric neutrinos
is much larger than in long{baseline accelerator experiments, and the sensitivity
extends to lower values of m
2
.
To appear in the proceedings of the 1998 \Vulcano Workshop on Frontier objects in
Astrophysics and Particle Physics".
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1 Introduction
The data of Super{Kamiokande [1] has strengthened the evidence for the existence of an
anomaly in the avor ratio of atmospheric neutrinos. The indication for the existence
of neutrino oscillation has originally appeared [2] as the measurement of a ratio R
=e
of
{like and e{like events lower that the MC expectation. The high statistics data of Su-
perKamiokande show distortions of the angular distributions of sub{GeV and multi{GeV
{like that strongly support the neutrino oscillation hypothesis. The angular distribution
of the e{like events is consistent with the no{oscillation hypothesis, in agreement with




oscillations in the interesting region of parameter space. It is clear that it is necessary to
conrm in an unambiguous way if neutrino oscillations are indeed the cause of the eects
seen in the atmospheric neutrino experiments. If this will turn out to be the case, the
next task is to measure with great accuracy the oscillation parameters.
At present, the scientic community is discussing about the best experimental strategy
to accomplish this task. Long{baseline (LBL) neutrino experiments are being designed
for this purpose, but there is also a strong debate on the role of possible new atmospheric
neutrino detectors dierent from SuperKamiokande. The main problem is the fact that







 6 at 90% condence level) is lower than previous estimates, and the
planned LBL experiments could fail in achieving their goal of the unambiguous detection
or the ruling out of avor oscillations as explanation of the atmospheric neutrino problem.
The purpose of this this work is to discuss and compare the potential in proving
unambiguously the existence of oscillations and in the determination of the oscillation
parameters, of both long{baseline (LBL) neutrino beams and of higher statistics and/or
higher quality measurements of atmospheric neutrinos. For the sake of clarity and sim-





oscillations. A general analysis in terms of a 3{neutrino scheme, or
considering also the possibility of mixing with light sterile states is of course desirable,





oscillation probability for neutrinos propagating in ordinary matter is



























) expanding the second sine in eq.(1) the































and cannot be measured separately.
2
This work is organized as follows: in the next section we discuss the properties of the
atmospheric neutrino ux and of the proposed LBL beams, including a short analysis of
systematic uncertainties in the calculation of no{oscillation predictions. Then we discuss
the signatures of neutrino oscillations on observable quantities, considering separately
\appearance" and \disappearance" for LBL neutrinos. We then discuss the potential of
atmospheric neutrino measurements. A summary and discussion follow.
2 Atmospheric and Accelerator Neutrino Beams
In g. 1 we compare the energy spectrum of atmospheric neutrinos with the predicted
spectra for three long{baseline beams: (i) KEK to SuperKamiokande (K2K) [4] (proton
energy E
0







(ii) Fermilab to MINOS [5] (E
0







CERN to Gran Sasso laboratory [6] (E
0







To estimate the proton intensities of the Fermilab and CERN beams we have used for both
cases the predicted repetition rate of the accelerator and considered a year of 220 days of
running with an eciency of 50%. The event rates plotted in g. 1 are calculated in the
absence of neutrino oscillations, and refer to charged current (CC) interactions of 

's in








)'s for atmospheric neutrinos.
In all cases we have used the same description of the neutrino cross section from [7]. The
atmospheric neutrino event rate was calculated using the Bartol [8] or Honda et al. [9]
neutrino ux for the geomagnetic location of Kamiokande. The event rates are plotted on
an absolute scale (in (kton yr)
 1
), but to make the plot more readable we have rescaled
the KEK, Fermilab and CERN beams with factors of 5, 0.1 and 0.1. Note that g. 1 we






the total rate is proportional to the area under the curves or histograms
1
.
Neutrino oscillations (in the absence of matter eects) are a function of the parameter
L=E

and it is therefore interesting to show the event rate as a function of this quantity.
This is done in g, 2 where we plot the event rates for atmospheric neutrinos and for
the 3 LBL experiments plotted as a function of the parameter L=E

. The event rates are
calculated as in g. 1 and are for are CC interactions. In the case of atmospheric neutrinos
the rate is for muon (anti){neutrinos and we have also included the requirement that the
nal state 

has a momentum p

> 200 MeV.
In the upper panel of g. 2 we show an example of the oscillation probability (eq.1)
with values of the parameters sin
2
2 = 1 and m
2





parameters of this example are chosen as `typical' values obtained as solution of the
neutrino atmospheric anomaly, close to the point of minimum 
2
for the combined sub{
GeV and multi{GeV data of the SuperKamiokande detector [1] (m
2







2 = 1). Previous data of the Kamiokande experiment [10] suggested a higher best
1
We nd that this representation of the spectrum is in most cases more useful that the commonly




with a linear energy scale. For example looking at g. 1 one can easily read the
fraction of the event rate with E












Integrating over all values of L=E

the event rates for atmospheric neutrinos, and for
the K2K, Fermilab and CERN experiments are N

= 140, 21, 2100 and 1530 (kton yr)
 1
.
The two proposed high energy experiment obviously benet from having a large event
rate, 10 to 15 times higher than atmospheric neutrinos.
Atmospheric neutrinos arrive from all directions including up{going trajectories that
have crossed the earth have a very broad range of path{lengths L ' 10{10
4
km that
is reected in a broad range of L=E ' 1{10
5
km/GeV. The plot of the event rate as a
function of L=E

has a characteristic two{bumps form, that correspond to down{going and
up{going particles. The `valley' in between is populated mostly by particles with directions
close to the horizontal, the event rate per unit L=E

is lower in this region because the
path{length L changes rapidly with the variation of the neutrino zenith angle 
z
. For




1 km being much smaller than L) and the distribution in L=E

reects
the energy spectrum of the neutrinos (using a logarithmic scale the L=E

distribution is
simply the energy distribution translated and reected). The two high energy accelerator
experiments have the same L and the dierence between the two distributions reects the
lower energy and higher intensity of the Fermilab accelerator. The K2K experiment has
a much lower intensity, was carefully designed to send a controlled ux of accelerator{
made neutrinos in precisely the range of values of L=E

where neutrino oscillations with
parameters suggested by the Kamiokande experiment would have the greatest visible
eects.
Comparing the lower and upper panel of g. 2 it can be noticed the high energy

























where n is an integer. The























. It is clearly
very desirable to measure the neutrino oscillation probability up to values of L=E

that
approach and exceed (L=E)

. If this is not achieved, the value of the mixing parame-
ter sin
2
2 that gives the depth of the minimum in the survival probability cannot be
measured, and in fact the phenomenon of neutrino oscillations cannot be experimentally
proven.




























For the Fermilab experiment the no{oscillation CC event rates with E

below 10, 5 and 2
GeV are 420, 50 and 2.5 events per year. For the present design of the CERN beam with
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lower intensity and the focus optimized for higher energies, the event rates are roughly
34, 3.5 and 0.5 yr
 1
. Given these rates the L=E

region where one expects the survival
(transition) probability to have a minimum (maximum) appears to be accessible only for
the high values of m
2
in the range suggested by the atmospheric neutrino data.
It is possible to prove the existence of avor transitions without having neutrinos with
L=E

as large as (L=E)
















this is what will happen with the proposed LBL neutrino
beams.
2.1 Atmospheric neutrinos
Detailed calculations of atmospheric neutrino uxes can be found in literature. At present,
two of the most quoted results are those of Honda et al. [9] and those of the Bartol group
[8]. These neutrino ux calculations are based on a unidimensional description of the
c.r. showers. Recent comparisons with a 3{dimensional calculation based on the FLUKA
montecarlo [11] conrm that the approximation is adequate at least for neutrinos above
200 MeV.
We refer to the quoted references for the description of the main features of atmospheric
neutrinos. Here we limit ourselves to focus some important properties which are relevant
in the search for oscillations and that can be predicted very reliably.












2. The electron neutrino and muon neutrino uxes originate from the decay of the


















where the factor r
e





Geomagnetic eects introduce at low energy a small violation of the up{down symmetry.
of order of  10% for the `sub{GeV' sample of SuperKamiokande, but in the absence
of oscillations the relation (6) can be reliably predicted as valid with few percent accu-
racy above 1 GeV [12]. The size of the geomagnetic eects on neutrinos can also be
measured observing a small east{west eect [12] that is approximately independent from
oscillations. No mechanism besides neutrino oscillations, has been proposed to explain the
large deviation observed from the up{down symmetry observed in the multi{GeV data of
SuperKamiokande.
The deviation of the measured e{like/{like ratio from the expected value has been





with x 6= e the electron neutrino ux can be a quite accurate monitor of the no{oscillation
ux.
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2.2 Long baseline accelerator neutrino beams
It can be useful to have a qualitative understanding of the intensity and energy distribution
of a long baseline accelerator beam. To a good approximation (a more complete discussion
is contained in the appendix) the energy distribution of the ux of neutrinos at the far



















































































are the energy and intensity (particles per unit time) of the primary















is the decay probability in the 

nal state of charged pions and kaons that depends on
the dimensions of the decay volume after the interaction region (in the case of the kaons
one has also to include the branching fraction B
K!



















) are due to the fact that the neutrinos
produced in the direction parallel to parent particle momentum in the  decay of a








=1:05). Because of this
kinematical reason, the neutrinos produced in pion (kaon) decay have a spectrum that







is due to the fact that the
intensity of the neutrino ux is more intense when the neutrinos are emitted in a small
solid angle. Note that the transverse momentum of the neutrinos has a contribution due
to the p
?
obtained in the decay of the parent particle, and a contribution due to the p
?










The second contribution can be reduced optimizing the focusing downstream of the target,
while the rst one is unavoidable. Since the maximum transverse momentum in a pion
(kaon) decay is 29.8 (236) MeV, the contribution of the kaons is suppressed with respect
to the pion one.
In the approximation of `perfect{focus' it is assumed that all charged mesons of the
appropriate charge and positive longitudinal momentum, after the focusing system have
the 3{momentum parallel to the primary proton beam (that is p
;K
?
 0), neglecting also
secondary interactions and decays before or during the magnetic bending. In this case
(see eq.32) it is possible to deduce the validity of formula (8) rigorously. More in general




The number of pions of energy E

produced in an interaction by a primary proton of
energy E
0






















where the function F (x) is approximately independent from the primary energy E
0
, and
decreases monotonically from a nite value for x! 0, to zero for x! 1
2
. Therefore the
number of pions at all energies increases with increasing E
0
. The known and observed
violations of the scaling expressed by Equation (10), result in a higher rapidity plateau
and in more rapidly increase of the multiplicity of low energy pions and kaons.
We can make some general considerations on the ux
1. The neutrino ux grows linearly with the intensity of the proton beam, and decreases
with distance as L
 2
.
2. In the perfect focus approximation at low energy the spectrum of the neutrinos as













3. Increasing the energy E
0
of the proton beam, for the same target and focusing
conguration, the neutrino ux increases for all neutrino energies E

(and not only
for the highest energies). However one should also consider the fact that the intensity
of the proton beam can increase to the shorter time needed to accelerate protons at
a lower energy.











calculated under the approximation of perfect focusing (equation (32)) for L = 730 km
and E
0
= 120 and 400 GeV and compare with the results of the complete Montecarlo
simulations of the Fermilab and CERN LBL beams. For the decay probability we have















. For T = 800 m "
(K)
= 14:3 (106.5) GeV. For




(dashed line). The kaon contribution extends to higher energy because a neutrino emitted




while in a pion decay
the neutrinos get at most a fraction 0:427 of the parent energy. The kaon contribution is
suppressed with respect to the pion's one because of the larger p
?
available in the decay,
but enhanced at large energy because of the shorter lifetime.
2.2.1 Optimization of LBL neutrino beams
The construction of a LBL neutrino beam involves choices for L, the distance between the
accelerator and the detector, E
0
the energy of the primary proton beam, and the detailed
design of the target and magnetic focusing system.
Of course there are technical and `nancial' constraints on the design, for example
the choice of L is strongly limited by the location of the existing particle accelerators
and the possible sites for the neutrino detector. The `optimum' design of the neutrino









), the the region of parameter space that is searched for oscillations (for example
2




large or small jm
2
j), and the experimental strategy used in the search (for example
`appearance' and `disappearance' experiments).
Therefore if several detectors using dierent techniques or having dierent aims are
planning to use the same neutrino beam, it will be necessary to nd a compromise solution
between dierent optimum designs. Ideally the design of the neutrino beam and of the
detectors (and their search strategies) should be developed at the same time.
A quantity that is often quoted in the discussion of the design of a neutrino beam is the
























It should be stressed that the optimization of the neutrino beam in general does not




For example, in the case of experiments that are searching for the appearance of 
leptons, a more interesting quantity is the rate N









































It is interesting to discuss the form that this equation takes in the limits of very large
or very small jm
2




much greater (smaller) than unity.
In the limit of large jm
2
j, averaging over the rapid oscillations the transition proba-





























































) cross section averaged over the neutrino ux spec-
trum.
In the limit of small jm
2
j the oscillation probability can be approximated with the













































For a realistic discussion one should also include a discussion of an energy dependent detection
eciency, and also the possible sources of background.
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1. The limit of small jm
2
j is to a good approximation valid for the planned LBL
neutrino beams and the range of jm
2
j indicated by Super{Kamiokande.















. Therefore the two parameters cannot be
disentangled from each other.
4. In the evaluation of the quantity n
0

(equation (16)) each neutrino energy is weighted




that takes into account the oscillation probability that decreases with
increasing energy. The most `useful' neutrino energies are those not much higher
than the {lepton threshold. The optimum spectrum is signicantly softer than one
optimized spectrum for a search for  appearance at large jm
2
j.






depends on the measurement
of the absolute rate of {production. Therefore uncertainties on the absolute value
of the 

cross section, the detection eciency and the neutrino ux intensity are
important sources of systematic uncertainty.
6. The rate N

is independent on L. The neutrino ux at the far detector decreases
as L
 2
because of the divergence of the beam, but the oscillation probability grows
proportionally to L
2
. The resulting rate is independent from L.








































do not oscillate and therefore are useless in the search
for oscillations and a potential source of background.
Summarizing, the optimization of a neutrino beam depends on the experiment one
wants to perform. This poses some dicult problems if experiments with dierent goals
or using dierent strategies want to use the same beam. A neutrino beam optimized
for a short{baseline 

appearance experiment such as COSMOS or TOSCA will have
higher energy than a beam optimized for the ICARUS or OPERA experiments searching
for oscillations at low jm
2
j. The sensitivity of a disappearance experiment is optimized
constructing a neutrino beam of still lower energy.
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2.3 Uncertainties in the calculation of the  beams
Comparing the LBL accelerator beams with the atmospheric ux we can note that con-
ceptually the process of neutrino production is the same for both processes. A primary
high energy hadron beam interacts with a target, and neutrinos are produced in the weak
decay of nal state mesons.
The primary ux is for all practical purposes exactly known in an accelerator exper-
iment, while there are signicant uncertainties in the normalization ( 15%) and energy
dependence of the primary cosmic ray (c.r.) ux (see [13] for a detailed discussion). At
low energy it is also necessary to include a treatment of the solar modulation and of the
geomagnetic eects. Time-varying magnetic elds in interplanetary space cause a time
dependence of the c.r. primary ux at low energies. The geomagnetic eld prevents the
low rigidity particles from arriving at the surface of the earth, resulting in a primary ux
that is not isotropic and is dierent for dierent locations. Both eects however vanish
at suciently high energy.
Uncertainties in the modeling of particle production in hadronic showers aects the
calculation of the ux for both accelerator and atmospheric neutrinos. For atmospheric
neutrinos one has also to consider the interaction of nuclear projectiles (that account
for a fraction of few percent of the neutrinos) and of weakly decaying mesons (a small
contribution to the ux), and describe the interactions of primary particle with energy in
a broad interval E
0
 5{50 GeV (for neutrinos with energy from 300 MeV to 2 GeV [8].
However since both the primary ux and the resulting neutrino ux are approximately
isotropic only the energy distribution of the nal particles is important. In the case of
LBL accelerator beams also the transverse momentum distribution and the correlation
between transverse and longitudinal momentum of the secondary particles is critically
important. Detailed experimental studies of particle production in hadronic interactions
of the appropriate energy (the beam energy for accelerator experiments and E
0
 10{
30 GeV for atmospheric neutrinos) could reduce the uncertainties in the calculation of
the neutrino spectrum and normalization.
The description of particle transport in the target and decay volume is another source
of uncertainty that is important especially for accelerator neutrinos. In the case of a LBL
accelerator beam the structure of the target and of the magnetic focusing system must be
known and described in great detail. The detector subtends a very small solid angle and
a very accurate and detailed calculation of the angular divergence of the neutrino beam
as a function of energy is essential. The c.r. showers develop in a medium with small
and slowly varying density. There are small uncertainties related to the time variations
and geographical position dependence of the atmospheric density that in the current
simulations is simply described as the average (h). The polarization of muons produced
in two body decay and its eect on the spectra of neutrinos coming from chain decay
as  !  !  is taken into account in the atmospheric neutrino calculations but the
possible eect of muon depolarization before decay is usually neglected. This is believed
to be a good approximation; in any case the main eect of the polarization is a suppression
(enhancement) of the muon (electron) neutrino ux of  10%, and the uncertainty related
10
to this eect cannot be large.
Both for accelerator and atmospheric neutrinos there are methods to control the cal-
culation of the no{oscillation neutrino uxes. In an accelerator it is of course possible to
construct a near detector. This is indeed an very important possibilities that is essential
for any disappearance experiment. The main diculty of this approach is that the solid
angle subtended by the far detector corresponds to a region with transverse size  1 cm
for a near detector at the distance of one kilometer, and the event rate in this region is
small (by denition equal to the far detector rate). Therefore in practice the monitoring of
the beam will require some assumptions about the angular distribution of the neutrinos.
It is expected that beam intensity at the far detector will be approximately constant in
a region of radius 100{200 meters, much larger that the detector, with a correspondingly
higher tolerance in the pointing accuracy. Therefore it should be possible to use an angu-
lar region much broader than the far detector solid angle to monitor the beam in a near
detector. This assumption can be, at least in part, tested experimentally. In studies of
detector performance, the fact that the relevant events in the near detector are all close
to the detector axis, while in the far detector are uniformly spread in the plane transverse
to the beam is a potential bias that requires a correction.
In summary we would like to note that according to a rather widespread `common
wisdom' the systematic uncertainties on the ux of accelerator neutrinos are much smaller
than for atmospheric neutrinos. This statement should be qualied because is not in
general correct. In an accelerator there is the possibility of a close detector, and of
sophisticated monitoring systems. In atmospheric neutrinos one can use the up{down




uxes as essentially model independent
tools to estimate the no{oscillation rates.
3 Appearance Experiments
In some sense the most convincing evidence for the existence of neutrino avor oscillations
is the positive identication of the charged current interactions of  neutrinos in the
detector. The unambiguous detection of such events would be unquestionable proof of
oscillations, since direct production of 

's is predicted (and indeed measured by CHORUS
and NOMAD) to be negligibly small.
In g. 3 we show as a function of m
2
the event rate of charged current 

interactions




oscillations with maximal mixing. The
dierent curves are for atmospheric neutrinos and for the reference beams of the Fermilab
and CERN long baseline projects. Essentially all neutrinos in the K2K project are below
threshold for  production and the {event rate is vanishingly small in this case..
The rate of  production by atmospheric neutrinos remains small, of order 1{2 events
per (kiloton yr) even in the presence of large mixing between muon and tau neutrinos.
This is a consequence of the fact that atmospheric neutrinos have a soft spectrum and
only a small fraction is above the energy threshold for  production.
The high energy beams of Fermilab and CERN can provide a signicant rate of  's.
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Looking at g. 3 one can distinguish three regions of jm
2
j where the rate of  production

















2. in an intermediate region it oscillates
3. for large jm
2
j becomes a constant.
For the same number of protons on target the yield of {events for the Fermilab and
CERN reference beams in the high jm
2

















































Note how in this case the lower intensity of the CERN beam is overcompensated by the
higher proton energy.
In the low jm
2
j region the rate of  production for the reference beams for a xed







































Using the predicted proton beam intensities the absolute rates of {events become:
N
































the oscillation probability P / E
 2

depresses the contribution of
high energy neutrinos and the softer but more intense Fermilab beam results in a {rate
that is approximately 2.6 times larger than the CERN beam. A realistic comparison
between the two projects should take into account the energy spectrum of the produced
 leptons, and take into account the detection eciency and sources of background.
In g. 4 we show the energy distribution of the interacting 

neutrinos for the Fermilab


























2 is equal for both choices of parameters. This results in
spectra of  leptons that are approximately equal in shape and normalization. For large
E

the spectra are identical, and only approaching the energy threshold the oscillation
probabilities for the two cases begin to dier appreciably. The integrated rates for 
production rate in units of (kton yr)
 1
are 19.6 and 15.8 for the Fermilab beam and
7.5 and 6.9 for the CERN beam. Most of the dierence is accumulated at low energies
where the eciency for identication is smaller and it will be very dicult to discriminate
between the two sets of parameters discussed in this example. Note that both values of
jm
2
j chosen in our examples are larger that the best t point of Super{Kamiokande.
For lower values of jm
2
j the shape of the energy distribution of the {events becomes
constant. In summary the energy spectrum of the 











(that is in the region indicated by Super{Kamiokande) is well described




























that has a shape independent from the oscillation parameters. The measurement of the







measurement of the shape of the energy spectrum of the  's produced in the detector
can conrm that indeed the probability of avor conversion has the energy dependence
predicted by the theory, but this prediction is unique. The only information on the
parameters is obtained from the absolute normalization.
Is the predicted rate of  events measurable ? The strategy for the detection of the
signal must nd the right balance between mass and resolution. In general the number




















Where M is the detector mass, t the running time, N
p




(dened in equation (16)) depends on the details of the design of the beam line, and
h
det
i is the detection eciency averaged over the 

energy spectrum.
As concrete example of an experiment the capability to identify 

interactions on
an event by event basis we can consider the OPERA [14] and ICARUS [15] detectors
4
.
The OPERA detector is based on a sandwich (iron/emulsion/drift/emulsion) of thin (
1 mm) iron plates alternated with emulsion sheets for high resolution tracking and layers
( 2:5 mm) of `drift space' lled with a very low density material. Events where a  lepton
is produced and decays in the rst drift space after the vertex can be identied measuring
4
This is not a comprehensive review of the existing proposals. A more complete discussion should
include a discussion of detectors such as NOE and MINOS that have larger mass and coarser resolution.
13
the direction(s) of the charged decay product(s) in the following layers of emulsions. All
 decay modes are observable, and the overall detection eciency taking (most of the
ineciency is due to  's that decay inside the iron) is estimated as 
d
' 0:35. A possible





















with a background smaller than a single event. For the best t point of Super{Kamiokande







(6) (the 90% C.L. interval estimate by SK) to (0.28) (40) events. In the rst line of
equation (28) we have written explicitly the estimates of the most important quantities
that we have used for the prediction. A more intense proton beam, a better optimization
of the focusing system, and a higher detection eciency are all direction of improvement
not only possible but actively pursued. Formula (28) can of course be easily rescaled.
Qualitatively, we can conclude that a 5{years long dedicated eort based on this emulsion{





the cause of the Super{Kamiokande data) in most but very likely not all the region of
parameter space indicated by the atmospheric neutrino data.
The ICARUS detector is based on a new technology that allows to obtain high res-
olution (`bubble{chamber quality') images of the 3{D deposition of ionization in a large
volume of liquid argon. This detector will not have the spatial resolution to detect the 








(with a branching ratio of 18%) can
be detected with negligible background identifying the electron and the missing trans-
verse momentum due to the two neutrinos in the nal state. The overall eciency can
be roughly estimated as h
det
i  0:18 0:45 ' 0:08. The lower eciency with respect to




Higher mass, lower resolution detectors appear not very likely to have a higher sensi-
tivity than the examples we have discussed.
What is the conclusion of this discussion ? If the strategy to develop a high energy
long{baseline neutrino beam and search for the appearance of charged current interactions
of 

's suciently promising to deserve the very high investment in human and nancial
resources that are required ? We will leave the reader to make her/his own judgement.
4 Disappearance Experiments
The threshold for the charged current interaction of 

on free neutrons is E
t
= 3:47 GeV
(a little higher for bound nucleons). At low energy the cross section is strongly suppressed






4{5 GeV can eectively
interact via the charged current interactions. For jm
2
j in the condence interval of
Super{Kamiokande and the path{length under discussion, the oscillation probability of
the neutrinos well above threshold is small and appearance experiments are dicult.
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The oscillation probability (for a xed L) reaches a maximum for a a discrete set of











GeV) where n is a positive integer. For
maximal mixing the ux of 





 6 these energies are always below the threshold and it natural to explore
the possibility to measure the oscillation probability at low energy.
The 

that are below threshold cannot have a charged current interaction, they `dis-
appear'. This `disappearance' can be detected observing a deformation of the energy spec-
trum of the CC interactions, or measuring a ratio N(nc)/N(cc) of the numbers of neutral
and charged current events larger than expectations. This program appears straight-
forward but it is not easy to put in practice. We can list some of the problems of the
experimental strategy.
(1) It is dicult to construct a neutrino ux that is suciently intense at low en-







because the neutrinos are emitted in a cone that shrinks with increasing energy.
An appropriate optimization of the focusing system[16, 17] can increase the low energy
ux reducing the angular divergence of the charged mesons of low energy
5
however the
transverse momentum due to the parent decay cannot be avoided. In a `standard' design
of the beam line the approximation of the `perfect focusing' (see g. 5 and the discussions
in section 2.2 and in the appendix) is the highest obtainable ux. It possible that even
this maximum ux have an intensity below what is necessary to explore the entire SK
condence interval. Perhaps a very innovative design of the neutrino beam line with a
`thick' target that allows the reinteraction of high energy secondary particles transforming
the energy of the primary protons in a large number of low energy pions could result in a
much higher ux of low energy neutrinos, but this idea has not yet been explored in any
detail.
(2). The method of measuring the ratio NC/CC of neutral current and charged cur-




1 GeV where the lowest multiplicity
channels (elastic, quasi{elastic, single pion production) are dominant and the theoretical
uncertainties large.
(3) The energy spectrum of the interacting neutrinos in the low energy region will be
changing rapidly / E
2

, and the deformations of the spectrum not easy to measure.
(4) The systematic uncertainties about the no{oscillation ux, the background sources
and the detector response could become a limitation in the sensitivity of the technique.
A near detector appears to be essential to reduce these systematic uncertainties to the
desired levels. However some systematic eects are likely to remain even in a far/near
comparison. The two detectors cannot be identical, and in the near detector only events
in a suciently small region close to the beam axis should be considered.
The sensitivity of the KEK to Kamioka project [4] is based on the disappearance
method, since essential all the neutrinos produced by the 12 GeV proton beam will be
below the threshold for  production. The experiment is expected to start taking data
5
The low energy mesons are `over{focused' in the reference designs of the Fermilab and CERN designs.
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in january 1999, years ahead of the Fermilab and CERN beams. The neutrino mass
interval that can be excluded at 90% condence level after 3 years of running if no signal










5 Sensitivity of atmospheric neutrino experiments
The `atmospheric neutrino anomaly' has initially appeared as the measurement of a ratio
R
=e
of {like and e{like events lower than the MC expectation. The scientic commu-
nity remained very skeptical, after all R is a single number and particle identication a
non{trivial task. With the measurement of higher energy events (the multi{GeV sample
of Kamiokande)
6
and larger statistical samples (22.5 kton of ducial mass of Super{
Kamiokande) it has been possible to detect patterns in the energy and zenith angle distri-
butions of the events that are precisely those expected in the case of neutrino oscillations.
With the detection of these patterns the hypothesis that oscillations are the explana-
tion of the data has become much more convincing. It is in fact dicult to imagine what
combination of systematic eects could produce the energy{dependent up{down asymme-
try observed by Super{Kamiokande for the {like events. In fact until now no alternative
explanation (besides neutrino oscillations) has been oered for these eects.
The patterns of the distortions of the energy and zenith angle distributions of the
detected events have to be estimated comparing the data with a theoretical prediction,
and one has to consider carefully the uncertainty in the no{oscillation predictions. How-
ever theoretical uncertainties are not expected to be the dominant source of systematic
errors. Two very simple and very solid predictions for the neutrino ux in the absence of




' 2, and the up{down symmetry (equations (1) and
(2)) eliminate most of the systematic uncertainty about the prediction.




oscillations the oscillation probability depends only on the
ratio L=E

, and perhaps the most physically intuitive and transparent method to analyse
the data is to study the distribution of events as a function of L=E

. This method has
been discussed in the past and recently vigorously advocated by Picchi and Pietropaolo
in ref.[18].
In the presence of oscillations the distribution of events as a function of L=E

is
distorted by a factor that is simply the oscillation probability (eq.1). In any experiment
the nite resolutions in the measurement of the neutrino energy and path{length smear
the measured distribution dN=d(L=E

) and partially wash{out the sinusoidal pattern of
the oscillations.
In the upper panel of g. 6 we show a montecarlo calculation of the distribution of
L=E

for the charged current interactions of muon neutrinos and antineutrinos (with a
cut p

 0:5 GeV) at the Kamioka mine location. The solid line is the prediction in





The reason why the oscillation patterns are more easily recognizable for higher energy events is mostly
due to the fact that the direction of the incident neutrino is better measured because the detected charged
lepton is emitted in a cone that shrinks with increasing energy.
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. The plot is calculated for a
`perfect detector' assuming that the energy and direction of each neutrino is reconstructed
with innite precision. Even in this case however the neutrino path{length L is not
perfectly measured because the neutrino creation point is not known. For each event the
oscillation probability is calculated using the neutrino energy and the `true' L generated
including uctuations [20] in the position of the  creation point. To each event is then
assigned a `reconstructed' value of the path{length that is the most likely value of L for
a given zenith angle.
In the lower panel of g. 6 we show the ratio of the oscillated plot to the no-oscillation
hypothesis as a function of L=E

in a restricted interesting range. The features of the
oscillation phenomenon are unmistakable and the measurement of its parameters straight-
forward.
Fig. 6 represents of course an ideal case. In any realistic detector the experimental
resolutions will partially wash{out the spectacular pattern. A more realistic example, that
is a rough approximation of Super{Kamiokande is shown in g. 7. We have selected `single
ring events contained' events (always with the cut p

 2 GeV), using the Cherenkov
threshold for charged particle detection, and the geometry of the detector and the muon

















since the resolutions are smaller than the intrinsic uctuations due to the production cross
section this is a reasonable approximation). One can see that in this case the oscillation
patterns are less spectacular than in the ideal case but nonetheless quite clear.
Note that after the inclusion of the detector resolutions the shape of the suppres-







the pattern of damped oscillations becomes more clear, because
the muon direction is more strictly correlated with the neutrino direction and L is better
determined, however the number of detected events decreases because of the steepnes of
the atmospheric neutrino energy spectrum. In a complete analysis all events shouls be
included, taking into account the energy dependent experimental resolutions.
Fig. 7 has been calculated considering a very large exposure (approximately 20 years of
Super{Kamiokande) in order to show clearly the oscillation patterns. For a lower realistic
exposure the statistical uctuations will be larger and the determination of the oscillation
parameters less precise. The claim of `evidence' for neutrino oscillations in atmospheric
neutrino data by the Super{Kamiokande collaboration is is based on 1.5 years. Addi-
tional data should allow a more clear detection of the oscillation patterns and a better
determination of the parameters.




2 are determined. The suppression factor due to oscillation is unity for small
L=E

, decreases with increasing L=E












These features will be true in general. The path{length of atmospheric neutrinos is in
the range L ' 10{10
4
km, and assuming an energy interval E






km/GeV. Given this very large range of L=E

, it is possible (at least
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) being much smaller, larger or comparable with unity.
1. For small L=E

the oscillation cannot develop.
2. For large L=E

range the oscillations are rapid and dicult to see for realistic






3. In the intermediate region the oscillating pattern is more evident. This region is the
crucial one for the determination of m
2
. Of particular importance is the shape




(corresponding to the point
where the oscillation probability has the rst maximum). The identication of a
maximum in the suppression factor would be at the same time a clear proof of the
existence of oscillations and a determination of the jm
2
j value.
5.1 A new detector for atmospheric neutrinos ?
Most of the data on atmospheric neutrinos has been obtained with water

Cerenkov de-
tectors. Recently an iron calorimeter, the Soudan-II detector has obtained a result that
supports the SK result. However this detector has a ducial mass of only 0.5 kton and will
not be able to collect a very large statistics. The clear conrmation of the atmospheric
neutrino anomaly using a dierent experimental technique is clearly very desirable.
Is it possible to develop a detector for atmospheric neutrinos with the capability not
only to conrm the Super{Kamiokande result but to provide a measurement that is at
least in some respects of superior quality ? This task is not easy, because of the remarkable
qualities of the Super{Kamiokande experiment: very large mass, very good spatial and
energy resolutions, isotropic eciency.
A possible direction is the development of a moderate mass but higher resolution de-
tectors capable for example the to measure also the nuclear recoil in quasi{elastic neutrino
scattering. The ICARUS [15] detector could have the potential to perform this measure-
ment, however reinteractions in the target nucleus could become the most important
source of error in the determination of the energy and direction of the incident neutrino
[21].
Recently [18, 19, 16] the potential of a large mass tracking calorimeter for the mea-
surement of atmospheric neutrinos has also been discussed as an attractive possibility.
A possible advantage of a calorimeter compared to a water Cherenkov detector is the
potential to perform a better measurement of the events with several particles in the nal
state because of superior pattern recognition capabilities. The possibility to include a
magnetic spectrometer [16] for the measurement of the momentum of the muons that
exit the detector in the `semi{contained' events has also been investigated. The optimum
design for such a calorimeter (with the right balance between mass and granularity) is
still under discussion.
A natural idea is of course to try to do two things at the same time and develop a
detector that can at the same time perform a high quality measurement of atmospheric
18
neutrinos and of the neutrinos of a LBL beam. The idea is attractive, but the design
of such a detector is not easy, because the optimization of the detector performance
for the two type of measurements can push toward dierent non{compatible solutions.
As an obvious example, the neutrinos from the beam come from a single (horizontal)
direction while atmospheric neutrinos are quasi{isotropic, with the vertical axis as the
most important direction. The orientation of the elements of the detector is therefore
problematic.
6 Discussion and conclusions
The discovery of neutrino oscillations could open a precious new window on the physics
beyond the standard model. It is therefore necessary to have an independent and un-
ambiguous conrmation of the evidence collected by Super{Kamiokande and supported
by other experimental results. The next step is to measure with precision the oscillation
parameters.
What is the best strategy to achieve these goals ? Long-baseline neutrino beams
have been proposed since several years as a sensitive instrument to perform detailed
studies on neutrino oscillations. However the 90% condence interval obtained by Super{








) is lower than earlier estimates and as
a consequence the long baseline experimental programs have become much more dicult
and less attractive. Do they remain the wisest experimental strategy for a conrmation
and for detailed studies of the phenomena indicated by SK ? The answer is not easy, but
this question should be studied in depth because of the intrinsic scientic interest of the
problem, and because in any case the new experimental studies will require a very large
investment of scarce human and nancial resources.
In this work we have briey discussed three dierent experimental approaches to the
problem:
1. a LBL `appearance' experiment,
2. a LBL `disappearance' experiment,
3. a new atmospheric neutrino experiment.
In a {appearance experiment the signal is produced by neutrinos above the threshold




4{5 GeV. For jm
2
j in the SK condence interval
the probability of oscillations of these neutrinos is always small and the detectable signal
dicult to observe, For the `reference' design of the Fermilab (CERN) beam, assuming






, the inclusive rate of  production (assuming 
det
=







. Considering the predicted event rate, and realistic estimates of detector
mass and eciency one can conclude that a positive signal can be detected by very
sensitive detectors but only in part of the SK condence interval. Improvements in beam
intensity and design, a larger detector mass, higher eciency and of course more patience
in collecting data can push the sensitivity down to lower values of jm
2
j. However even






sensitivity can only come at a high cost.
The feasibility of a disappearance experiment capable of covering the entire Super{
Kamiokande condence interval has not yet been demonstrated and requires additional
studies. The main problems are: (i) the design of a neutrino beam with the required
intensity in the low energy region; (ii) the demonstration that the systematic uncertainties
in the knowledge of the no{oscillation beam and in the detector response can be kept below
the required level. The KEK to Kamioka (K2K) project is expected to start taking data
in january 1999. In the absence of a positive signal, after 3 years of running, it would










results from K2K can be a very important guide for the other experiments.
If the eects observed in the measurements of atmospheric neutrinos are indeed due
to neutrino oscillations, Super{Kamiokande, after the analysis of a larger sample of data,
should be able to see more clearly the oscillation patterns, narrowing the condence in-
terval for the oscillation parameters. The conrmation of these results by an independent
experiment of comparable sensitivity and using a dierent technique is very desirable.
The design and construction of a neutrino detector with the capability of performing
measurements of atmospheric neutrinos of comparable or superior quality with respect
to Super{Kamiokande is not an easy task. The concept of a large mass, high resolution
tracking calorimeter is under investigation.
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Appendix:
Analytic calculation of a LBL  beam
The detailed calculation of a LBL neutrino beam is a task that can only be performed with
detailed montecarlo codes, however to obtain understanding about the possible charac-
teristics of a long baseline neutrino beam, it is simple and useful to compute its spectrum
analytically. We can start observing that at the detector site the neutrino creations










radiants (L is the neutrino path{length) is small and therefore
the neutrinos to a good approximation can be considered as collinear, and we can dene




































is the neutrino direction and 

det
is the direction of the line of sight from the















neutrinos is the decay of charged pions and kaons.



























































































) is the distribution in energy
and angle (with respect to the parent direction) of the neutrino produced by a primary
meson of energy E
a
, and the delta function imposes that the produced neutrino has the
desired direction. The neutrino distributions with respect to a parent of given energy and
direction are easily obtained, knowing that the a !  decay is isotropic in the parent
































1 +  z
#
(31)
where z = cos 

is the cosine of the c.m. decay angle. p

a
is the 3{momentum of the
decay products in the parent rest frame and  and  are the Lorentz factor and velocity
of the parent meson.
The simplest case is the so called `perfect focus' approximation, that is the assumption
that all particles with charge of the correct sign after the focusing system are collinear
with the beam. In this case all integrations in equation (30) can be solved using the Dirac
21
deltas: The solution for the most interesting case of a detector aligned with the proton































































= 0:5731, and r
K
= 0:0458), and T is the length of the
tunnel. Equation (32) has a transparent meaning. A neutrino of energy E

along the







) that decays emitting the neutrino is the forward direction. The ux of neutrinos
of energy E

is therefore given by the number of parent mesons of appropriate energy



















= 29:8 MeV, p

K
= 236 MeV). The Jacobian factor takes into account
the facts that the range of neutrino energy is compressed by a factor 1  r
a
with respect
to the range of parent mesons, and that the neutrinos are produced in a solid angle that
shrinks with increasing energy as E
 2

, correspondingly the neutrino ux at the detector
is enhanced by the inverse factor. Comparing the contribution of pions and kaons to
the neutrino ux we can notice that the kaon contribution is enhanced because of the
shorter lifetime, but depressed because of the larger p

. In the decays of pions (kaons)
the neutrino can take at most a fraction 1   r

= 0:427 (1   r
K
= 0:954) of the parent
energy, therefore all neutrinos above the energy 0:427 E
0
are produced by kaon decay.
For a detector aligned with the proton beam but for an arbitrary angular distribution






























































































is the parent meson energy that can produce a nal state neutrino of energy E

at an
angle  with respect to the parent direction.





in an interaction by a primary proton of energy E
0
is concerned (see eq. 10), in our analytic
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Figure 1: Energy distribution of interacting (with charged current) atmospheric neutrinos
and antineutrinos, and of the 

in three LBL experiments. All calculations assume the
absence of neutrino oscillations. For atmospheric neutrinos the solid (dashed) lines are
calculated with the the Bartol [8] (Honda et al. [9]) The scale of the vertical axis is
absolute, note however that the LBL uxes are multiplied by constant factors.
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Figure 2: Distribution in L=E

of the charged current events expected (in the absence of
oscillations) in three LBL experiments, and for atmospheric neutrinos with a cut p






















distribution of the 

's interacting via charged current for the
Fermilab to Minos and the CERN to Gran Sasso LBL neutrino beams. The distributions




















2 = 0:09. The absolute
scale is in (kton yr)
 1
, assuming a number of protons of target of 2  10
20
and 3  10
19
for the two LBL beams.
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Figure 5: Energy distribution of the interacting neutrinos (charged current interactions)
for the Fermilab to Minos (thick histogram) and CERN to Gran Sasso (thin histogram)
LBL beams, compared with an analytic approximation under the assumption of perfect
focusing. The energy of the proton beam is 120 and 400 GeV for the two cases. The
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Figure 6: Upper panel: distribution in L=E






events expected for atmospheric neutrinos with a cut p

 2:0 GeV at the
Kamioka site. The solid line corresponds to no oscillation hypothesis, the dotted line is




. We are assuming exact knowledge
of the direction and energy of the neutrinos; only uctuations in the position of the
neutrino creation point are contributing to the resolution in L=E

. Lower panel: ratio of
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Figure 7: Upper panel: distribution in L=E






events expected for atmospheric neutrinos with a cut p

 2:0 GeV at the
Kamioka site. The solid line corresponds to no oscillation hypothesis, the dotted line




. The direction and energy of










. The statistics of the montecarlo
calculation corresponds to the large exposure of 500 (kton yr). Lower panel: ratio of the
oscillation case to the no{oscillation hypothesis as a function of L=E

.
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